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Available online 10 July 2009AbstractThe Modified Gaussian Method (MGM) proposed by Sunshine et al. [Sunshine, J.M., Pieters, C.M., Pratt, S.F., 1990.
Deconvolution of mineral absorption bands: an improved approach. Journal of Geophysical Research 95, 6955e6966.] is generally
used to decompose spectra in the UVeVisibleeNIR wavelength region into the characteristic absorption bands of minerals. Here,
we compare the optimized results obtained using different curve-fitting methods for this spectrum. The result obtained using the
Gaussian function for the absorption band shows a better fit than that obtained using the Lorentzian function. The background
continuum of a quadratic polynomial for the wavenumber provides a better result than does the linear function for the wavenumber.
We successfully decomposed the spectra of ordinary chondrites and eucrites into the absorption bands of olivine and pyroxene. The
wavelength positions of these absorption bands are broadly consistent with the Fe contents of olivine and pyroxene. Although the
present results are derived from a limited number of spectra, they are of use in terms of the decomposition of diffuse reflectance
spectra.
 2009 Elsevier B.V. and NIPR. All rights reserved.
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Diffuse reflectance spectra in the UVeVisiblee
Near infrared (NIR) wavelength region represent
a powerful tool in the analysis of planetary surface
materials, because many minerals show characteristic
absorption bands in this wavelength region. However,
absorption bands for a given mineral may overlap with
those of other minerals. To characterize these absorp-
tion features, it is necessary to decompose the* Corresponding author.
E-mail address: miyamoto@eps.s.u-tokyo.ac.jp (M. Miyamoto).
1873-9652/$ - see front matter  2009 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2009.06.004reflectance spectra into the constituent absorption
bands that are characteristic of each mineral. The
method most commonly employed to decompose
the reflectance spectra in this wavelength region is the
Modified Gaussian Method (MGM) proposed by
Sunshine et al. (1990). Because few studies have
evaluated the spectral decomposition method (spectral
curve-fitting method) for this wavelength region, in the
present paper we compare the optimized results
obtained for curve-fitting methods that employ: (1)
different types of functions to fit the absorption band,
(2) different functions of the background continuum,
and (3) the wavelength or wavenumber as a parameterreserved.
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extension of the MGM, we propose a quadratic poly-
nomial for the background continuum. This approach
is applied to the decomposition of diffuse reflectance
spectra for various meteorites.
2. Experimental
Yamato-75258 (LL6) was supplied by the National
Institute of Polar Research, Japan. We selected this
meteorite because its degree of weathering is ‘‘A’’
according to the scheme of Yanai and Kojima (1995).
Samples were ground by hand with a corundum mortar
and pestle. We removed as many weathered grains as
possible from the powdered samples. After grinding,
the samples were sieved to a particle size of <100 mm.
Bidirectional reflectance spectra were measured using
a UVeVisibleeNIR spectrometer housed at the
Department of Earth and Planetary Science, University
of Tokyo, Japan. This spectrometer was specially
designed and manufactured by Bunkoh-Keiki Co., Ltd
to measure the diffuse reflectance spectra of powder
samples with varying incidence and emergence angles.
Illumination was provided by a deuterium lamp in the
spectral range 0.2e0.3 mm and a tungsten lamp in the
range 0.3e2.5 mm. A photomultiplier was used as
a detector in the range 0.2e0.82 mm and a PbS cell was
used in the range 0.82e2.5 mm. All spectra were
measured at incidence and emergence angles of 30
and a phase angle of 60. Spectra were scanned at
a constant rate of 2 nm/s and were obtained at 2 nm
resolution. Halon was used as a standard. Dry air was
pumped into the spectrometer chamber during spectral
measurements to prevent the samples from absorbing
water from the surrounding air.
3. The MGM
The formula used in the MGM is as follows
(Sunshine et al., 1990; Ueda et al., 2003):
ln RcalðlÞ ¼ CðlÞ þ
X
i
Si exp
 0:5fðl miÞ=sig2

;
ð1Þ
where Rcal(l) is the calculated reflectance and the band
parameters l, S, m, and s denote the wavelength, band
strength, band center, and band width, respectively. The
background continuum component C(l) in the MGM is
expressed as
CðlÞ ¼ c0 þ c1=l; ð2Þwhere c0 and c1 are constants. This formula is a linear
function for 1/l (wavenumber).
Each parameter in Eq. (1) is optimized to minimize
the square deviation 3 between the observed and
calculated spectra:
3¼
XN
j¼1

ln RcalðljÞ  ln RobsðljÞ
2
; ð3Þ
where lj denotes the wavelength of the j-th data point
and N is the total number of data. This least squares
method yields each band parameter and the background
continuum.
4. Results and discussion
4.1. Function used to identify absorption bands
The MGM uses a Gaussian function to represent the
shape of the absorption band (Eq. (1)). For comparison,
we consider the following Lorentzian function, which
is commonly employed for the curve-fitting of various
spectra:
si=
ðl miÞ2þs2i

: ð4Þ
Fig. 1 compares the result obtained using the Lor-
entzian function with that obtained using the Gaussian
function, for the absorption band of pyroxene in the
reflectance spectra of the Millbillillie eucrite (Yama-
guchi et al., 1994), as the absorption band of eucrite
near 1 mm is caused only by pyroxene and is near-
symmetric. The Gaussian function shows a better fit
than does the Lorentzian function. In particular, the
shape of the absorption center near 0.95 mm differs
between the two functions. Also shown in Fig. 1 are
the residuals (31 in Eq. (7)) of the least squares method.
4.2. Wavelength vs. wavenumber
The MGM recommends use of the wavelength
(rather than wavenumber) as a parameter in the
Gaussian function (Eq. (1)). Fig. 2 compares the results
obtained using Gaussian and Lorentzian functions,
when using the wavenumber as a parameter of the
absorption band. Also shown are the residuals (31 in
Eq. (7)) of the least squares method. The use of
wavelength as a parameter in the Gaussian function
gives a better fit between calculated and observed data
than does the use of wavenumber (Figs. 1a and 2a).
This result supports the validity of the MGM. For the
Lorentzian function, the use of wavenumber gives
a better fit than does the use of wavelength (Figs. 1b
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Fig. 1. Comparison of calculated (solid curve) and observed spectra (open circles). (a) Gaussian function for the wavelength. (b) Lorentzian
function for the wavelength. 31 represents the residual of the least squares method. See text.
112 M. Miyamoto et al. / Polar Science 3 (2009) 110e116and 2b), contrary to the result for the Gaussian func-
tion. The result obtained using the wavenumber for the
Gaussian function yields the best fit among all the
results (Sunshine et al., 1990).
4.3. Function for the background continuum
The MGM uses a linear function for 1/l (wave-
number) of the background continuum, as expressed in
Eq. (2) (e.g., Ueda et al., 2003). Here, we use
a quadratic polynomial for 1/l (wavenumber):
CðlÞ ¼ c0 þ c1=lþ c2=l2; ð5Þ
where c2 is a constant. This expression is an extension
of Eq. (2).
Fig. 3 shows the result obtained for the background
of a quadratic polynomial for the wavenumber,
compared with that obtained for the background of
a linear function for the wavenumber (Eq. (2)). The-1.3
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Fig. 2. Comparison of calculated (solid curve) and observed spectra (open
function for the wavenumber. 31 represents the residual of the least squarequadratic polynomial appears to yield a better back-
ground, although the linear function also performs
well. A major difference between the two approaches
is the curvature of the continuum.
We also tested the background for a quadratic
polynomial for l (wavelength), because a parameter in
the Gaussian function is expressed for the wavelength,
as follows:
CðlÞ ¼ c0 þ c1lþ c2l2; ð6Þ
however, the result does not give a good background
curvature (Fig. 3c).
4.4. Least squares method
Each Gaussian function contains three band param-
eters, and the background continuum contains three
parameters (Eqs. (1) and (5)). The reflectance spectra of
meteorites in the UVeVisibleeNIR wavelength region-1.3
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circles). (a) Gaussian function for the wavenumber. (b) Lorentzian
s method. See text.
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Fig. 3. Comparison of background continuum. (a) Second-degree curve for the wavenumber continuum. (b) Linear function for the wavenumber
continuum. (c) Second-degree curve for the wavelength continuum. Open circles show observed spectra. Solid curve on observed spectra shows
calculated spectra. Background continuum is shown in a solid curve above observed spectra. See text.
113M. Miyamoto et al. / Polar Science 3 (2009) 110e116usually show between 5 and 20 absorption bands; the
total number of parameters to be optimized is about 70 at
most. Therefore, we employ the Simplex method
(Nelder andMead, 1965) for the non-linear least squares
method. Although the calculation of least squares by the
Simplex method usually shows a better convergence
than that achieved by the GausseNewton method, it
requires more time to obtain the optimized results. We
optimize all the unknown parameters simultaneously to
obtain the minimum value of 3 (Eq. (3)), although in
previous studies it is commonly the case that some
parameters are optimized while others are fixed (e.g.,
Ueda et al., 2003). Because the non-linear least squares
methodmay converge some localminima of the function
to be minimized, we performed non-linear least squares
analyses for several different initial values for unknown
parameters, and took the optimized values of the
parameters that gave the minimum residuals.
4.5. Function to be minimized
There are several types of function to be minimized
(namely, 3 in Eq. (3)); for example:31 ¼
XN
j¼1

ln RcalðljÞ  ln RobsðljÞ
2
; ð7Þ
32 ¼
XN
j¼1

ln RcalðljÞ  ln RobsðljÞ

ln RobsðljÞ
2
; ð8Þ
33 ¼
XN
j¼1
ABS

ln Rcal

lj
 ln Robs

lj

: ð9Þ
Because the optimized values of the parameters in
the Gaussian function and in the background
continuum may vary with different 3, care must be
taken in selecting the function to be minimized. This
function is also related to the weight of the observed
data in the least squares method. Although we use the
unit weight for the spectral data in this study, in future
studies it may be necessary to determine the appro-
priate weight for the spectral data.
5. Application
We applied the decomposition method to ordinary
chondrites and eucrites to assess how well the unknown
114 M. Miyamoto et al. / Polar Science 3 (2009) 110e116parameters are optimized, and to assess the relation
between the wavelength position of absorption bands
and Fe content for pyroxene and olivine. The main
silicate phases in ordinary chondrites are pyroxene,
olivine, and feldspar; these minerals show absorption
bands in the UVeVisibleeNIR region. For eucrite,
pyroxene and plagioclase are the main silicate phases.
Olivine shows absorption bands near 850, 1050, and
1220 nm (e.g., Sunshine and Pieters, 1998), whereas
pyroxene shows absorption bands near 910, 1160, and
1850 nm (e.g., Klima et al., 2007; Sunshine and Pieters,
1993), and plagioclase shows an absorption band near
1250 nm (e.g., Adams and Goullaud, 1978).
It is important to decompose the reflectance spectra
into the characteristic absorption bands of these
minerals in actual meteorites, although meteorites
usually contain many minerals that show numerous
small absorption bands in addition to those of the main
minerals.
Fig. 4 shows the results of fitting for Nuevo Mer-
curio (H5) (Fredriksson et al., 1979), Yamato-75258
(LL6), Ibitira (eucrite) (Yamaguchi et al., 2001; Mit-
tlefehldt, 2005), and Millbillillie (eucrite). We used the-3
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Fig. 4. Curve fits for ordinary chondrites and eucrites. Open circles show
spectra. Background continuum is shown in a solid curve above observed s
(a) Nuevo Mercurio (H5). (b) Yamato-75258 (LL6). (c) Ibitira (eucrite). (dGaussian function for the wavelength and the back-
ground continuum for a quadratic polynomial for the
wavenumber. Table 1 lists the values of the band
center, band strength, and FWHM (Full width at half
maximum) for the different absorption bands.
Table 2 lists the values of band parameters for the
absorption bands near 1 and 2 mm, for pyroxene and
olivine in meteorites, along with their Fs (¼Fe/
(CaþMgþ Fe), mol%) and Fa (¼Fe/(Mgþ Fe),
mol%) components (Miyamoto et al., 2001; Yama-
guchi et al., 1994; Yanai and Kojima, 1995). There
exists a relation between Fe content and the wave-
length position of the absorption bands of pyroxene
and olivine. With increasing Fe content, the 1 and 2 mm
absorption bands shift to longer wavelengths (e.g.,
Adams, 1975; Gaffey, 1976). Our results for pyroxene
and olivine are broadly consistent with this relation;
however, we did not observe a linear relation between
the Fs component and the wavelength position of
pyroxene bands, partly because the wavelength posi-
tion of the absorption bands for pyroxene is also
related to the Ca content (e.g., Hazen et al., 1978); in
contrast, Klima et al. (2007) reported a linear relation-2.5
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pectra. Gaussian curves show the absorption bands of main minerals.
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Table 1
Band parameters of ordinary chondrites and eucrites.
Nuevo Mercurio (H5) Yamato-75258 (LL6)
Center (nm) FWHMa (nm) Strength Center (nm) FWHMa (nm) Strength
238 370 0.899 282 152 0.926
502 66 0.049 473 83 0.067
585 1177 0.032 630 212 0.052
921 170 0.191 933 230 0.308
1067 143 0.044 1074 128 0.080
1164 549 0.075 1193 378 0.229
1831 420 0.085 1860 884 0.163
2071 656 0.072 1983 136 0.025
Ibitira (eucrite) Millbillillie (eucrite)
289 159 0.890 305 131 0.768
490 120 0.141 471 126 0.134
632 184 0.132 627 237 0.206
936 200 0.681 938 206 0.772
1144 337 0.150 1182 247 0.142
2001 598 0.374 2026 629 0.482
a Full width at half maximum.
115M. Miyamoto et al. / Polar Science 3 (2009) 110e116for Ca-free pyroxenes. According to Sunshine and
Pieters (1998), there exists a linear relation between
the Fa component and the wavelength position of
olivine absorption bands near 1 mm. Our results for
olivine bands in ordinary chondrites show a slight
deviation from the wavelength position of M2 bands
reported by Sunshine and Pieters (1998).
We were unable to decompose the ordinary chon-
drite spectra into all the absorption bands of olivine,
pyroxene, and plagioclase, and we were unable to
decompose the eucrite spectra into all the bands of
pyroxene and plagioclase (Table 2). This limitation
arose because some of the absorption bands have
similar wavelength positions, meaning that they were
incorporated together during the least squares calcu-
lations. For the ordinary chondrites, we were unable to
decompose the olivine band near 850 nm. Although we
could not distinguish the pyroxene band near 1160 nm
from the olivine band near 1220 nm, the absorptionTable 2
Absorption bands of pyroxene and olivine.
Meteorite Px Band
I (nm)
Px Band
II (nm)
Ol Band
(nm)
Fsa
(%)
Fab
(%)
Nuevo Mercurio
(H5)
921 1831 1067 15.8 17.3
Yamato-75258
(LL6)
933 1860 1074 24.4 31.9
Ibitira (Euc) 936 2001 45
Millbillillie
(Euc)
938 2026 53
a Fe/(CaþMgþ Fe), mol%.
b Fe/(Mgþ Fe), mol%.bands identified at 1164 and 1193 nm (Table 1) may
correspond to these minerals. We were also unable to
decompose the absorption band of plagioclase near
1200 nm.
Type 5 and 6 ordinary chondrites usually contain
different types of pyroxene, low-Ca pyroxene, and
diopside (e.g., Dodd, 1981). Nuevo Mercurio shows an
absorption band near 2071 nm that may correspond to
diopside; however, this band is stronger than that
expected given the amount of normative diopside in
ordinary chondrites (e.g., McSween and Bennett,
1991). We were unable to decompose the spectra of the
ordinary chondrites into the absorption bands of
diopside near 1 mm. Eucrites usually contain low-Ca
pyroxene and augite. For Ibitira and Millbillillie, the
absorption bands at 1144 and 1182 nm may correspond
to pyroxene (Klima et al., 2007); however, we cannot
exclude the possibility that they correspond in part to
plagioclase (e.g., Adams and Goullaud, 1978), because
eucrites contain relatively Fe-rich plagioclase, as
reported for Millbillillie (Yamaguchi et al., 2001) and
Ibitira (Mittlefehldt, 2005). We were unable to
decompose the spectra of eucrites into the absorption
bands of augite near 1 and 2 mm.
The strength ratio of olivine to pyroxene near the
1 mm band is 0.23 for Nuevo Mercurio and 0.26 for
Y-75258 (Table 1). Because LL chondrite usually
contains more olivine than does H chondrite
(e.g., McSween and Bennett, 1991), this result is
consistent with the modal abundance of olivine;
however, the strength ratio of the near 1 mm band of
olivine to the 2 mm band of pyroxene is 0.51 for Nuevo
116 M. Miyamoto et al. / Polar Science 3 (2009) 110e116Mercurio and 0.49 for Y-75258, which is not consistent
with the modal abundance of olivine. This discrepancy
may reflect the fact that the pyroxene 2 mm band has
a wide FWHM caused by Fe2þ in the M2 site of
pyroxene, whereas the 1 mm band is caused by Fe2þ in
both the M1 and M2 sites (e.g., Klima et al., 2007).
Occupancy of the M2 site by Fe2þ may also be related
to band strength. Further studies are required to clarify
the relation between the strength of the absorption
band and modal abundance.
6. Conclusions
Based on the limited spectra considered in this
study, we arrived at the following conclusions:
(1) Use of the Gaussian function for the absorption
band yields a better fit than that obtained using the
Lorentzian function.
(2) The background continuum of a quadratic poly-
nomial for the wavenumber is superior to that for
a linear function for the wavenumber.
(3) We successfully decomposed the spectra of ordi-
nary chondrites and eucrites into the absorption
bands of olivine and pyroxene. The wavelength
positions of these absorption bands are broadly
consistent with the Fe contents of olivine and
pyroxene.
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